Local helioseismology techniques enable us to probe the subsurface magnetic fields and flows by observing p-modes. Active regions on the surface of the Sun have strong magnetic fields and techniques such as timedistance helioseismology can provide useful diagnostic for probing these structures. We investigate the effect of uniform horizontal magnetic field upon the travel time of acoustic waves. It is shown that such fields can lower the upper turning point of p-modes and hence affect their travel time.
INTRODUCTION
Helioseismology is the study of the solar oscillations with the aim of inferring the internal structure of the Sun. Both, the Doppler velocity signals which measure the line-of-sight velocities at the Sun's surface and the intensity signals are used for such studies. The observations are usually represented in terms of normal modes of the Sun and the oscillations have a discrete power spectrum. Each mode is represented by a radial order n, spherical harmonic degree l and azimuthal order m. The eigen modes are also referrred to as p-modes and their power show parabolic ridges in the frequency-degree diagram. These ridges are characteristics of acoustic waves trapped in a resonant cavity beneath the Sun's surface due to the increasing sound speed with depth (causing the refraction of the acoustic wave) and strong density gradients (causing the reflection of the acoustic waves near the surface). The p-modes ranging from very low degree (l = 0) upto high degrees (l ≈ 1000) and radial orders n = 10 have been identified and their measured frequencies used to study the internal structure of the Sun. To date, these global helioseismology studies have been very successful in inferring the rotation rate and sound speed profiles inside the Sun as functions of radius and latitude. However, since global helioseismology techniques cannot provide reliable information about the longitudinal variations of the properties of the Sun, various local helioseismology techniques have been developed in recent years. One of the main aims of local helioseismology studies is to infer the sub-surface flows and magnetic fields by examining the local dispersion relation of the acoustic waves (Ring-diagram analysis) and the travel times of p-modes (time-distance technique). Such studies are quite crucial as they enable us to estimate the effects that contaminate the sound speeds near the surface of the Sun.
Time-distance technique uses the measurement of acoustic wave travel time between two different points on the Sun's surface to estimate the changes in sound speed and flows beneath the surface connecting these points. The basic idea, proposed by [5] , assumes the solar oscillations as wave packets travelling with group velocity along ray paths. These wave packets starting from one point of the Sun's surface may arrive at the other point directly or after one skip or more skips. Observational computations in time-distance helioseismology involve the temporal cross-correlation between signals (velocity or intensity) at two different points x 1 and x 2 on the solar surface,
where f is the oscillation signal which is fourier transformed in the frequency domain after filtering through a Gaussian transfer function (see [6] ), ∆x = x 1 − x 2 is the distance between the two points, * is the complex conjugate, t ′ is the delay time and T is the total time of the observations. The peak of this cross-correlation function is the time taken by the wave packet to travel between the points x 1 and x 2 (see [8] , [9] ). This time is called the group travel time
where the group velocity dω dk of the wave packet is at a central frequency and Γ is the ray path connecting x 1 and x 2 . For a doppler shifted acoustic wave, the flow and sound speed variations can be estimated by measuring the travel times of the signals propagating in opposite directions and by solving the two inverse problems (see for details, [7] and [9] ). The time-distance technique is thus a useful for determining the local properties of the solar surface. However, the modal wave approach and the geometrical acoustic (ray) approximation do not always give identical results. The ray path approach is more relevant for modes of large frequency bandwidth. It was shown by [3] that low n modes are not localised along the nominal ray path and could be some tens of Mm away from it. Thus, care is required in interpreting the results of the ray theory approach (see also, [2] ).
There is magnetic field everywhere on the solar surface and although strong magnetic fields are present in structures such as sunspots and plages, direct effects of magnetic fields on local helioseismology techniques such as time-distance, have not been studied. This is partly due to the lack of understanding of the nature of these magnetic structures and partly due to the complicated mathematical problem that one has to solve even when the effects of simple magnetic configurations are considered. Magnetic fields below the Sunspots and active regions are believed to be in the form of flux tubes and above the surface, the fields fan out to create a horizontal magnetic canopy. The height and field strength of these canopies could be different based on whether they belong to active regions or quiet regions far away from them.
In the present paper, we address the question of how the travel time of acoustic waves change in the presence of a uniform horizontal field. In particular, we explore the changes in the upper turning points of p-modes due to the presence of a uniform horizontal field and their implications for the acoustic wave travel-times. The issue of the partial conversion of acoustic waves into magnetic waves at the equipartition layer in magnetically active regions with vertical or inclined fields is not considered here (see [4] and subsequent papers by Cally and co-workers).
THE MODEL AND THE GOVERNING EQUA-TIONS
Consider a perfectly conducting ideal gas permeated by a horizontal magnetic field B(z)x. The equilibrium state is described by the equations:
where p(z), ρ(z) and T (z) are the gas pressure, density and temperature respectively. Gravity acts in the negative z-direction and is assumed to be constant; the gas constant R is taken to be k B /m p , where k B is Boltzmann's constant andm p is the mean particle mass of the medium. Considering wave motions about the equilibrium (3) and (4) as described by the linearised MHD equations, for a uniform magnetic field in the x-direction, the vertical component of the velocity v z (z) exp i(ωt − k x x), with angular frequency ω and horizontal wavenumber k x (see [11] for the full governing equations), is governed by the equation
where
Here, γ is the adiabatic index (taken to be constant); c s (z) = (γp(z)/ρ(z)) 1/2 and v A (z) = B 2 / (µρ(z)) 1/2 are the sound and Alfvén speeds respectively. For small k x , k 2 z can be re-arranged as
where G is a function of various parameters and the magnetoacoustic cutoff frequency ω 2 mac is
Note that the magnetic acoustic frequency, ω 2 mac is quite similar to the nonmagnetic acoustic cut-off frequency, ω 2 ac given by 
T o is the temperature at the reference level z = 0 and z o is the temperature scale height. The equilibrium density is
where m = gzo RTo − 1 is the polytropic index and p o is the gas pressure at z = 0. For a 'convectively stable' atmosphere with zero buoyancy, m = 
THE ACOUSTIC WAVE TRAVEL-TIMES
We now calculate the acoustic wave travel time in the presence of a uniform horizontal magnetic field. Strictly speaking, in the presence of a magnetic field we have fast magnetoacoustic wave rather than an acoustic wave and an accurate ray path includes changes in the phase-speeds due to the presence of the field as well as the acoustic cavity size. However, here we are only interested in the effects of upper turning points close to the surface, due to the presence of a field and hence we will keep the terminology "acoustic wave travel-times". For high frequency waves, the ray paths are nearly vertical near the surface, hence the horizontal wavenumber is not that crucial but we must bear in mind that the horizontal wavenumber plays an important role for the remaining ray path which determines the total travel time.
In the present model the change in the lower turning point between nonmagnetic and magnetic case is not significant. This is true for the regions with strong horizontal magnetic fields near the surface and for p-modes that penetrate deep into the solar interior before reflecting. By considering
which in the present model, for small k x , can be calculated as Figure 2 shows the relative difference in acoustic traveltime, RD calculated as shown in equation (19) as a function of µ.
DISCUSSION AND CONCLUSION
In this paper, we have shown, based on a polytrope model, how magnetic fields affect the upper turning points of p-modes. It is also shown that acoustic wave travel time can be affected due to this change in the upper turning point. It is interesting to note from this study that penumbral fields and bipolar active regions with horizontal fields quite close to the surface of the Sun will have the effect of reducing the acoustic travel times compared to the "quiet" regions (although the role of magnetic field is probably exaggerated by the assumption of a uniform field and by considering zero height for magnetic canopy). Moreover, in the regions where the surface magnetic field strengths decrease with horizontal distance, this study suggests that acoustic travel time will increase with distance (until it reaches the "quiet" Sun values although effects such as flows and other inhomogeneities may make things nontrivial). It is also believed that the field lines are almost vertical in sunspot umbrae and inclined in the penumbral regions. As the angle of inclination of field lines increases from sunspot umbrae (θ = 0) towards penumbral region (θ = π/2), the acoustic cutoff frequency changes (see also [1] ) and so we expect the travel time to be affected by this too. Acoustic travel-time maps of such regions could give important information about the magnetic field structure of a localised region.
As mentioned in Section I, the height at which magnetic fields 'fan out' is different for quiet and active regions. This study suggests that acoustic travel-time maps (in particular, considering high frequency acoustic waves) of different heights above the photosphere could give information about the fanning of the fields above the surface of the Sun. In the present study the acoustic travel times are only approximate and the relative difference is weakly dependent (through µ) on frequency and wavenumber (or degree) since the present investigation is for small k x , nevertheless it suggests that a comparison of acoustic wave travel times between quiet and active regions would vary as a function of frequency and wavenumber. In conclusion this study captures the effect of subsurface uniform magnetic field on acoustic cut-off frequency and hence on the acoustic travel time. Also, since the vertical wavenumber k z is affected (through the propagation speed and acoustic cut-off frequency) by the presence of uniform field, changes in the vertical wavelength and the phase of the p-modes in active and quiet regions are expected.
The main conclusion of this study is that surface magnetic fields are just as important, if not more, as flows and other sound speed perturbations in solar active regions and cannot be ignored when probing active regions using local helioseismology techniques. However including magnetic fields in inversion kernels is not a straightforward task and we are not yet at the stage where magnetic field information can be incorporated in inversion routines. To do this, we need a thorough understanding of magnetic field effects on acoustic waves. It is therefore very important to do forward modelling problems of p-modes and magnetic fields and their interaction. Further developments along these lines are being made.
